BACKGROUND: Heart-type fatty acid binding protein (hFABP) functions as a myocardial fatty acid transporter and is released into the circulation early after myocardial injury. We hypothesized that hFABP is superior to conventional cardiac biomarkers for predicting early perioperative myocardial injury after coronary artery bypass graft (CABG) surgery. METHODS: A prospective cohort study of 1298 patients undergoing primary CABG with cardiopulmonary bypass (CPB) was performed at 2 institutions. Four plasma myocardial injury biomarkers (hFABP; cardiac troponin I [cTnI]; creatine kinase, MB [CK-MB] fraction; and myoglobin) were measured at 7 perioperative time points. The association among perioperative cardiac biomarkers and ventricular dysfunction, hospital length of stay (HLOS), and up to 5-year postoperative mortality (median 3.3 years) was assessed using Cox proportional hazard models. We defined in-hospital ventricular dysfunction as a new requirement for 2 or more inotropes, or new placement of an intraaortic balloon pump, or ventricular assist device either during the intraoperative period after the patient separated from CPB or postoperatively in the intensive care unit. RESULTS: The positive and negative predictive values of mortality for hFABP are 13% (95% confidence interval [CI], 9%-19%) and 95% (95% CI, 94%-96%), respectively, which is higher than for cTnI and CK-MB. After adjusting for clinical predictors, both postoperative day (POD) 1 and peak hFABP levels were independent predictors of ventricular dysfunction (P Ͻ 0.0001), HLOS (P Ͻ 0.05), and 5-year mortality (P Ͻ 0.0001) after CABG surgery. Furthermore, POD1 and peak hFABP levels were significantly superior to other evaluated biomarkers for predicting mortality. In a repeated-measures analysis, hFABP outperformed all other models of fit for HLOS. Patients with POD2 hFABP levels higher than post-CPB hFABP levels had an increased mortality compared with those patients whose POD2 hFABP levels decreased from their post-CPB level (hazard ratio, 10.9; 95% CI, 5.0 -23.7; P ϭ 7.2 ϫ 10 Ϫ10 ). Mortality in the 120 patients (10%) with a later hFABP peak was 18.3%, compared with 4.7% in those who did not peak later. Alternatively, for cTnI or CK-MB, no difference in mortality was detected. CONCLUSION: Compared with traditional markers of myocardial injury after CABG surgery, hFABP peaks earlier and is a superior independent predictor of postoperative mortality and ventricular dysfunction.
P erioperative myocardial infarction (MI) occurs in 7%
to 15% of cardiac surgical patients and is associated with an increased hospital length of stay (HLOS) and hospital cost and reduced short-and long-term survival. 1, 2 However, the diagnosis of perioperative myocardial injury can be challenging because cardiac-specific biomarkers can increase even after uncomplicated cardiac surgery to levels considered diagnostic of MI in ambulatory populations. 3 Heart-type fatty acid binding protein (hFABP) is a small, 14.5-kDa cytosolic protein present in the myocardium and is a key cytosolic transporter of fatty acids. 4 hFABP is comparable in size to myoglobin (18 kDa) but smaller than cardiac troponin I (cTnI) (25 kDa) and creatine kinase, MB (CK-MB) (87 kDa). Its release from injured myocardium was first described in 1998. 5 Primarily, hFABP isoforms are found not only in the heart but also in much smaller concentrations in skeletal muscle, brain, and kidney. 6 -8 Despite similar sizes and release patterns, hFABP is more specific than myoglobin as a biomarker of myocardial injury because of its relatively higher concentration in the heart. Consequently, as a result of its relatively small size and its primary location in cytosol rather than myofibrils, hFABP is released earlier and in larger amounts into the circulation when membrane integrity is compromised because of myocardial injury. 9 hFABP is released during myocardial ischemia even in the absence of irreversible myocardial necrosis, and is a sensitive marker of MI in the ambulatory setting. 10, 11 Previous studies in nonsurgical patients have associated increased hFABP with an increased risk of subsequent death and major cardiac events. [12] [13] [14] However, its prognostic utility in the cardiac surgical population has not been established. We hypothesized that hFABP is an earlier marker of perioperative myocardial injury than cTnI, CK-MB fraction, and myoglobin and is an independent predictor of in-hospital ventricular dysfunction, extended HLOS, and all-cause mortality after isolated first-time coronary artery bypass graft (CABG) surgery with cardiopulmonary bypass (CPB). Furthermore, because hFABP is rapidly cleared from plasma, we sought to examine the predictive value of the time course of cardiac biomarker release on mortality and HLOS.
METHODS

Study Design
A prospective, longitudinal study of 1441 nonconsecutive patients undergoing primary CABG surgery with CPB between August 2001 and May 2006 at Brigham and Women's Hospital, Boston, MA, and Texas Heart Institute, Houston, TX, was conducted (CABG Genomics Program; http://clinicaltrials.gov/show/NCT00281164). Our study complies with the Declaration of Helsinki, and after IRB approval, written informed consent was obtained from each patient. No funding agency had any input on study design, analysis, or data interpretation.
Exclusions
Patients were excluded from enrollment based on prospective criteria in the CABG Genomics Program including age Ͻ20 years, a preoperative hematocrit Ͻ25%, or if they had received leukocyte-rich blood products within 30 days before surgery. Patients were also excluded from subsequent analysis if they had prior heart surgery (n ϭ 9), concurrent valve surgery (n ϭ 57), off-pump surgery (n ϭ 33), emergent surgery (n ϭ 4), died in the operating room (n ϭ 2), or had missing biomarker data (n ϭ 43). A total of 1298 patients met eligibility criteria and were included in the analysis (Table 1) . Seventy-four percent of patients were enrolled at institution 1.
Operative Techniques
No specific attempts were made to standardize the anesthetic and surgical management. Extracorporeal circulation was performed with normothermic, nonpulsatile flow and a membrane oxygenator. Cold crystalloid cardioplegia (St. Thomas' Hospital solution) or cold blood cardioplegia was used to induce and maintain cardioplegic arrest according to the surgeon's preference. Inotropic support was initiated at the discretion of the surgeon and anesthesiologist, and routine or prophylactic inotropes were not initiated.
Demographics
The medical records of consenting patients undergoing isolated, primary CABG surgery were reviewed by dedicated trained research staff. Demographics, medical and surgical history, medications, results of preoperative coronary angiography, and other predictors of adverse outcomes were recorded using a defined protocol in a purpose-built case report form. Mortality was followed up through queries of the Social Security Death Index for up to 5 years after surgery (mean follow-up, 3.3 Ϯ 1.4 years; median, 3.3 years).
Blood Samples
Blood samples were obtained from all patients at 7 perioperative time points: before induction of general anesthesia, after weaning from CPB, and on the mornings of postoperative days (PODs) 1 to 5. Citrated plasma was stored in vapor-phase liquid nitrogen at Ϫ130°C until analysis. cTnI, CK-MB, and myoglobin were analyzed with a sandwich immunoassay on a Triage platform using monoclonal and polyclonal antibodies (Biosite, San Diego, CA). hFABP was analyzed with a 2-step direct sandwich enzyme-linked immunosorbent assay using 2 distinct mouse antihuman hFABP monoclonal antibodies (Biosite). The percentages of the root mean square coefficient of variation, which represents normalized measure of dispersion of a probability distribution, were 14%, 9%, 13%, and 13% over the reportable range for CK-MB, hFABP, myoglobin, and hFABP assays, respectively.
Clinical practitioners caring for the patients were blinded to these results. Thus, patient care and treatment for myocardial injury or MI were not proscribed by this study.
Clinical End Points
The primary clinical end point for this analysis was allcause mortality up to 5 years after surgery. Secondary end points included extended HLOS and ventricular dysfunction. HLOS was measured in days, which included the date of surgery and date of discharge. Extended HLOS was defined as Ͼ12 PODs (90th percentile). Patients who died before discharge or within 30 days of surgery were censored; those who stayed Ͼ30 days were counted as having a truncated HLOS of 30 days. In-hospital ventricular dysfunction was defined as a new requirement for 2 or more inotropes, new placement of an intraaortic balloon pump, or ventricular assist device either during the intraoperative period after the patient separated from CPB or postoperatively in the intensive care unit. Inotrope support was defined as continuous infusion of amrinone, milrinone, dobutamine, dopamine (Ͼ5 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ), epinephrine, isoproterenol, norepinephrine, or vasopressin.
Statistical Methods
Statistical analyses were performed using SAS version 9.1.3 and JMP 8.0 (SAS Institute, Cary, NC). Data are presented as median with interquartile range (IQR: 25%-75%) unless otherwise stated. Continuous variables were compared using analysis of variance and the Wilcoxon-Mann-Whitney rank sum test. Categorical variables were compared with the Fisher exact test. Cumulative survival and hFABP Is an Independent Predictor of Death After CABG HLOS was estimated by Kaplan-Meier analysis; the comparison of survival curves was performed with the nonparametric log-rank test. A P value Ͻ0.05 was considered significant.
To compare the clinical value of each biomarker and to establish a time point with the highest predictive value, we used 3 methods to examine the relationship between cardiac biomarkers and clinical outcomes.
• Peak measurement of each biomarker, defined as the highest level observed between the post-CPB to POD 5 measurements. • POD 1 time point of each biomarker.
• Later versus earlier peak of each biomarker. We examined patients whose peak biomarker level occurred after the usual peak at the post-CPB (hFABP) or POD 1 (CK-MB, myoglobin, and cTnI) time points, respectively. Specifically, for hFABP, an increase from the post-CPB time point to POD 2 was examined, whereas for CK-MB, myoglobin, and cTnI, an increase from POD 1 to POD 3 was examined.
Covariates with a 2-tailed nominal P Ͻ 0.15 in univariate analyses and clinically relevant covariates were entered into stepwise multivariable logistic regression models for each outcome. Age, gender, race, and institution were forced into the model. To estimate the independent prognostic utility of hFABP on 5-year all-cause mortality and extended HLOS, a Cox proportional hazard model with time-dependent repeated measurements was constructed to estimate the hazard ratios (HRs) and 95% confidence intervals (CIs) associated with elevated levels of the 4 biomarkers, while adjusting for demographics and clinical covariates ( Table 2) . A logistic regression model was constructed in similar fashion for postoperative ventricular dysfunction (Table 2) . To account for differences in confounding related to the outcome, separate models for the 3 outcomes of mortality, ventricular dysfunction, and HLOS were created; mortality and HLOS were analyzed with a Cox proportional hazard model, whereas ventricular dysfunction was analyzed with a logistic regression model. All POD 1 and peak biomarker values were adjusted for their respective preoperative values. We added a continuous variable to account for the time of day surgery began.
To assess the predictive value of adding each biomarker individually to the clinical model of all-cause mortality and HLOS, we computed the c-index for the censored data. The c-index is a generalization of the area under the receiver operating characteristic curve that represents the probability of concordance between predicted and observed survival, with c ϭ 0.5 for random prediction and c ϭ 1.0 for a perfectly discriminating model. We then computed the U statistic to test whether the model with the addition of the biomarker was more concordant than the model without the biomarker. In addition, we used 3 global measures of model fit (the likelihood ratio test
[Ϫ2LL], Akaike information criterion [AIC], 16 and Bayesian information criterion [BIC]). 17 F tests were used to compare generalized r 2 .
RESULTS
Baseline characteristics of the study population are shown in Table 1 , and the time course of median biomarker levels are shown in Figure 1 . Serum hFABP levels were higher after CABG, with 74% of patients peaking at the post-CPB time point (median [interquartile range], 36.3 ng/mL [26.2-49.7 ng/mL]). In contrast, cTnI, myoglobin, and CK-MB levels peaked on POD 1 in 89%, 84%, and 91% of patients, respectively. On POD 1, hFABP levels were correlated with CK-MB (r ϭ 0.36, P Ͻ 0.001), myoglobin (r ϭ 0.39, P Ͻ 0.001), and cTnI (r ϭ 0.44, P Ͻ 0.001).
Mortality
Median duration of follow-up was 3.3 years (2.1-4.6 years). All-cause mortality up to 5 years of follow-up was 6% (n ϭ 79) with a 30-day operative mortality of 0.6% (n ϭ 8). POD 1 hFABP concentrations were 21.0 ng/mL (12.8 -36.4 ng/mL) for survivors and 26.3 ng/mL (18.2-51.5 ng/mL) for patients who died within 5 years of surgery (P Ͻ 0.001). The positive and negative predictive values for mortality of hFABP are 13% (95% CI, 9%-19%) and 95% (95% CI, 94%-96%), respectively. After adjusting for clinical predictors of mortality, POD 1 and peak postoperative hFABP levels were independent predictors of nonsurvival after CABG surgery among the 4 evaluated cardiac biomarkers ( Table 2 ). Addition of POD 1 hFABP and cTnI level to the Cox proportional hazards model was significantly associated with mortality, whereas the addition of myoglobin or CK-MB was not. The area under the curve for the censored Cox proportional hazard model for mortality was 0.730, 0.745, and 0.773 for the baseline model and for the models with the addition of cTnI and hFABP, respectively. In addition, POD 1 and peak hFABP levels had the best predictive values when assessed with 3 global measures of model fit (Table 3) . By contrast, the post-CPB hFABP measurement had no predictive value (Table 3) . We examined patients whose biomarker levels peaked later than the post-CPB level for hFABP and later than POD 1 for cTnI, myoglobin, or CK-MB (Table 1 ). An hFABP level higher than the post-CPB level on any day was independently associated with increased mortality (P ϭ 0.001) after adjusting for demographic and clinical covariates in a Cox proportional hazards model. Patients with POD 2 hFABP levels higher than post-CPB hFABP levels had an increased mortality compared with those patients whose POD 2 hFABP level decreased from their post-CPB level (HR, 10.9; 95% CI, 5.0 -23.7; P Ͻ 0.0001; Fig. 2 ). Mortality in the 120 patients (10%) with a later hFABP peak was 18.3%, compared with 4.7% in those who did not. Alternatively, for cTnI or CK-MB, no elevation above the cohort-observed peak on POD 1 was significantly associated with mortality. The predictive value of adding each biomarker individually to the baseline clinical model of all-cause mortality and HLOS is shown. Higher values indicate better fit. AIC and BIC reward the model for covariates that contribute significantly and penalizes for each additional variable (larger numbers ϭ better model fit).
Ϫ2LL ϭ negative two log likelihood ratio; AIC ϭ Akaike information criterion; BIC ϭ Bayesian information criterion; hFABP ϭ heart-type fatty acid binding protein; cTnI ϭ cardiac troponin I; CKMB ϭ creatinine kinase MB fraction. *P Ͻ 0.05 is significance of biomarkers compared with baseline clinical model for the negative two log likelihood ratio in a 2 distribution with 1 degree of freedom.
Hospital Length of Stay
Median HLOS was 7 days (IQR, 6 -9 days). POD 1 and peak levels of all 4 biomarkers were independent predictors of HLOS when added individually to the multivariate model ( Table 2 ). hFABP outperformed the other biomarkers for model fit on POD 1 and in a repeated-measures analysis (Table 3 ). However, no significant difference between biomarkers for the peak level was found. An hFABP level higher than the post-CPB level on any postoperative day was independently associated with increased HLOS (P ϭ 0.0001) after adjusting for demographic and clinical covariates in a Cox proportional hazards model. Likewise, the median HLOS increased by 2 days, and the unadjusted risk of prolonged HLOS was twice as high for patients with a higher hFABP on POD 2 compared with the post-CPB level (HR, 1.98; 1.64 -2.38; P ϭ 6.9 ϫ 10 Ϫ11 ; Fig. 3 ). For cTnI or CK-MB, no increase above the cohort-observed peak on POD 1 was significant or improved model prediction for HLOS.
Ventricular Dysfunction
To further establish that association of hFABP with mortality and HLOS is likely related to clinically relevant myocardial injury, we assessed the association between POD 1 Figure 2 . Kaplan-Meier survival curve for time of peak heart-type fatty acid binding protein (hFABP) level. Difference in survival for patients with a decrease in hFABP level between POD2 and immediately after cardiopulmonary bypass (CPB) and those with an increased hFABP on POD2 compared with immediately after CPB (shaded area ϭ 95% confidence interval). P value refers to the level of difference between curves. POD ϭ postoperative day. Figure 3 . Hospital length of stay discharge curve for time of peak heart-type fatty acid binding protein (hFABP) level. Difference in discharge from hospital for patients with a decrease in hFABP level between POD2 and immediately after cardiopulmonary bypass (CPB) and those with an increased hFABP on POD2 compared with immediately after CPB (shaded area ϭ 95% confidence interval). P value refers to the level of difference between curves. For example, at a hospital length of stay of 10 days, 40% of patients with a high hFABP level on postoperative day (POD) 2 are still hospitalized versus 20% with a low hFABP level.
hFABP Is an Independent Predictor of Death After CABG and peak postoperative hFABP and the development of in-hospital postoperative ventricular dysfunction (12% incidence). After adjusting for clinical predictors of ventricular dysfunction, peak postoperative hFABP and cTnI levels were independent predictors of postoperative ventricular dysfunction ( Table 2 ). Both POD 1 hFABP and cTnI levels were independent predictors of ventricular dysfunction, whereas neither myoglobin nor CK-MB was an independent predictor. POD 1 hFABP was a significantly better predictor of ventricular dysfunction than cTnI.
Multimarker Models
The predictive value of the baseline multivariate clinical model of ventricular dysfunction, HLOS, or mortality was not significantly improved by concomitantly adding POD 1 or peak CK-MB, myoglobin, or cTnI to POD 1 and peak hFABP at their respective time points using AIC, BIC, and Ϫ2LL.
DISCUSSION
This study demonstrates that hFABP is superior to cTnI, CK-MB, and myoglobin for predicting all-cause mortality up to 5 years after CABG surgery. We further found that hFABP levels after CPB were independently associated with ventricular dysfunction and were comparable with cTnI, CK-MB, and myoglobin for predicting HLOS after CABG surgery with CPB. This novel observation in the cardiac surgical population confirms similar findings in the nonsurgical population. 12, 13 Furthermore, we now describe a unique increase in hFABP level after the usual peak that identifies patients at exceptionally increased risk for mortality and extended HLOS. This finding is not observed with conventional biomarkers of myocardial injury, perhaps because of their longer plasma half-life times.
In the nonsurgical setting, hFABP is highly sensitive and specific for predicting the outcomes of acute MI and coronary syndromes, often exceeding the current clinical "gold standard" of diagnosis, cTnI. 18 Furthermore, hFABP is not only useful as a marker of MI in conjunction with cTnI 12 but also offers independent prognostic information in identifying patients at high risk of death and major cardiac events despite a normal cTnI level. 13 In contrast to extensive evaluation in nonsurgical patients, only a few small studies involving cardiac surgical populations have examined the utility of hFABP in determining the extent of myocardial injury, and none have examined its association with long-term outcomes. 19 -21 Hasegawa et al. 19 measured serial hFABP levels at 0, 1, 2, 3, and 6 hours after aortic unclamping in pediatric cardiac surgery. They and others demonstrated that the initial rapid increase and peak of hFABP approximately 1 hour after aortic unclamping was followed by a fast decrease to within 10% of baseline by 24 hours. 19, 20, 22, 23 This characteristic pattern in cardiac surgical patients develops earlier than in the nonsurgical population in whom detection is possible as early as 20 minutes after a myocardial ischemic event, but peak levels do not occur until 6 to 8 hours after myocardial injury. 15 The possible mechanism of this early release in cardiac surgery patients includes sustained ischemic injury during CPB while the aorta is cross-clamped, followed by subsequent reperfusion injury leading to substantial release of hFABP after the aortic unclamping.
We found that the absolute value of hFABP is not only an independent predictor of myocardial injury severity defined as ventricular dysfunction, extended HLOS, and mortality, but that an increase of hFABP after the primary post-CPB peak is an even more important indicator of sustained or recurring myocardial injury associated with higher mortality rates and a propensity for extended HLOS. This unique delayed release pattern was not seen with the other examined biomarkers.
Why Do We Need Another Myocardial Injury Biomarker?
The importance of finding a biomarker with high specificity and sensitivity for myocardial injury after cardiac surgery is highlighted by the observation that even after uncomplicated cardiac surgery, there is a high frequency of indeterminate diagnostic electrocardiogram criteria 24 and routine elevation of cardiac-specific biomarkers to levels considered diagnostic of MI in ambulatory populations. 3 Consequently, the diagnosis of perioperative myocardial injury can be particularly challenging. Perioperative elevation of cardiac-specific biomarkers may not only be due to coronary artery disease-related myocardial injury but also associated with insults occurring during routine cardiac surgery including transient myocardial ischemia due to aortic cross-clamping or cardiotomy required for valve surgery.
The faster increase and more rapid clearance of hFABP, compared with traditional biomarkers of myocardial injury, make it a more sensitive marker for sustained or recurring myocardial injury. The slower release of CK-MB and cTnI generates an inability to discriminate between graft failure with massive tissue necrosis and ischemia reperfusion injury within 24 hours after CABG surgery. 25 This suggests that the more rapid peak of hFABP may enable earlier reintervention to restore myocardial perfusion in those with ischemia or infarction. The faster increase and more rapid clearance of hFABP was first reported in a patient with recurrent MI 10 and later confirmed in patients stratified by MI diagnosed by electrocardiogram criteria. 26 hFABP is also reported to be more sensitive than cTnI in detecting continuing myocardial damage in chronic heart failure. 27 A point-of-care test that uses hFABP has been developed for the diagnosis of MI in nonsurgical patients with purportedly superior sensitivity and specificity than cTnI. 28 -30 A point-of-care test for the perioperative setting has the potential to have an effect on time-efficient risk stratification and management after cardiac surgery. Earliest identification of patients with clinically relevant myocardial injury could enable clinicians to identify patients in need of further diagnostic or therapeutic procedures to reduce loss of myocardial mass or performance.
Study Limitations
The timing of perioperative blood sampling in this study was designed for examining genetic markers of adverse outcomes after CABG surgery and not specifically to evaluate the release kinetics of hFABP. In more recent studies of patients undergoing cardiac surgery, investigators have observed peak hFABP level approximately 1 to 2 hours after removal of the aortic cross-clamp. 19, 20 Therefore, post-CPB level of our study was likely measured before and underestimated the actual hFABP peak, thereby limiting its value for differentiating patients with varying adverse outcomes. For the majority of patients, the POD 1 hFABP level was much lower than the post-CPB measurement. Therefore, the highly predictive value of POD 1 is likely related to those patients who do not peak immediately in the first hours after CPB.
The diagnosis of perioperative ventricular dysfunction is hindered by the absence of a standardized definition in the cardiac surgical literature. It is not standard practice at either institution to use prophylactic inotropes to facilitate separation from CPB. Therefore, we elected to define ventricular dysfunction after CABG surgery as the need for 2 or more inotropes, new intraaortic balloon pump, or new ventricular assist device support. A definition based on practitioners' therapies introduces potential bias associated with practitioner behaviors. Nevertheless, we have previously used this definition to show the association between ventricular dysfunction and increased morbidity and mortality after CABG surgery. 31, 32 Although this study used a large cohort of patients from 2 institutions, the role of assessing myocardial ischemia by measuring hFABP, and prospectively using measured levels for therapeutic intervention that may alter outcomes such as mortality and HLOS, has not been evaluated. Such prospective trials seem warranted by our observations of early diagnosis of myocardial injury by hFABP, when myocardial recovery may be optimized by early intervention.
Finally, our primary end point of all-cause mortality may not necessarily differentiate between cardiac-specific and noncardiac causes of death. Nevertheless, prior studies have demonstrated that all-cause and cardiac mortality are equally robust, most likely because of the strong association between these two outcomes in cardiac surgical populations. 33, 34 CONCLUSION hFABP is superior to cTnI, CK-MB, and myoglobin for predicting up to 5-year all-cause mortality and ventricular dysfunction and is comparable with these biomarkers of myocardial injury for predicting HLOS after CABG surgery with CPB, even after adjusting for relevant demographic and clinical predictors. In addition, with its rapid increase and decrease, hFABP may allow diagnosis of continuing or recurring myocardial injury after cardiac surgery and therefore may permit more timely initiation of specific treatment strategies.
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